Long-term experience enhances neural representation of temporal attributes of pitch in the brainstem and auditory cortex in favorable listening conditions. Herein we examine whether cortical pitch mechanisms shaped by language experience are more resilient to degradation in background noise, and exhibit greater binaural release from masking (BRM). Cortical pitch responses (CPR) were recorded from Mandarin-and English-speaking natives using a Mandarin word exhibiting a high rising pitch (/yi 2 /). Stimuli were presented diotically in Quiet, and in noise at þ5, and 0 dB SNR. CPRs were also recorded in binaural conditions, SONO (where signal and noise were in phase at both ears); or S0Np (where signal was in phase and noise 180 out of phase at each ear), using 0 dB SNR. At Fz, both groups showed increase in CPR peak latency and decrease in amplitude with increasing noise level. A language-dependent enhancement of NaePb amplitude (Chinese > English) was restricted to Quiet and þ5 dB SNR conditions. At T7/T8 electrode sites, Chinese natives exhibited a rightward asymmetry for both CPR components. A language-dependent effect (Chinese > English) was restricted to T8. Regarding BRM, both CPR components showed greater response amplitude for the S0Np condition compared to S0N0 across groups. Rightward asymmetry for BRM in the Chinese group indicates experience-dependent recruitment of right auditory cortex. Restriction of the advantage in pitch representation to the quiet and þ5 SNR conditions, and the absence of group differences in the binaural release from masking, suggest that language experience affords limited advantage in the neural representation of pitch-relevant information in the auditory cortex under adverse listening conditions.
Introduction
Pitch is an important information-bearing perceptual component of language and music (Oxenham, 2012; Plack et al., 2005) . There is compelling empirical evidence supporting the view that language (or music) experience enhances neural representation of temporal attributes of pitch that are behaviorally relevant at both cortical and subcortical levels Krishnan, 2014, 2016; Intartaglia et al., 2016; Krishnan et al., 2012a; Skoe et al., 2015; Song et al., 2008; Zatorre and Gandour, 2008; Zatorre and Baum, 2012) .
Speech communication frequently occurs in less than optimal conditions and can be adversely affected by background noise and or reverberation. There is indirect evidence to suggest that experience-dependent pitch representations at cortical and subcortical levels are relatively more resistant to stimulus degradation (rapid pitch change: Krishnan et al., 2015a ; reduced pitch salience: Krishnan et al., 2016) . Similarly, brainstem neural representation of voice fundamental frequency (F0) and the first formant frequency (F1) in musicians show greater resilience to degradative effects of noise (Parbery-Clark et al., 2009a ; higher harmonics only) and reverberation (Bidelman and Krishnan, 2010) . In both studies, the degree of degradation in brainstem neural representation correlates well with perceptual ability under adverse listening conditions. Both EEG (Billings et al., 2009; Kaplan-Neeman et al., 2006; Whiting et al., 1998) and MEG (Chait et al., 2006; Hughes et al., 2014; Sasaki et al., 2005) studies have shown latency prolongation and amplitude reduction of the cortical response components P1-N1-P2 in the presence of background noise under diotic stimulus conditions.
In this study we examine whether cortical pitch mechanisms shaped by language experience are more resilient to degradative effects of background noise as reflected in the transient components of the cortical pitch response (CPR). The pitch specific CPR is characterized by multiple transient components that index different temporal pitch attributes that are subject to language experience-dependent enhancement (for reviews, Gandour and Krishnan, 2016; . The Na component of the CPR, an EEG correlate of the MEG-derived pitch onset response (POR), reflects pitch-specific synchronized neural activity in the auditory cortex. Source analysis of MEG-derived pitch onset response (Gutschalk et al., 2002; Krumbholz et al., 2003) dcorroborated by human depth electrode recordings (Griffiths et al., 2010; Schonwiesner and Zatorre, 2008) and source analysis of the EEGderived Na (Bidelman and Grall, 2014) indicates that the POR is localized to the anterolateral portion of Heschl's gyrus, the putative site of pitch processing (Johnsrude et al., 2000; Penagos et al., 2004) .
Pitch is a robust cue for signal detection in the presence of concurrent sounds. Therefore, it is important to understand how neural representation of pitch is altered in the presence of background noise. To our knowledge, there are no published reports that have evaluated how pitch-relevant neural activity at the cortical level is altered by background noise. Herein we examine whether cortical pitch mechanisms shaped by language experience are more resilient to degradative effects of background noise. In Experiment I, we recorded CPRs from Mandarin-and Englishspeaking natives elicited by a Mandarin syllable representing a lexically-relevant, high rising pitch contour (/yi 2 /). Stimuli were presented diotically in Quiet, and in the presence of noise at SNRs of þ5 and 0 dB. Given that cortical and subcortical pitch mechanisms shaped by music experience show greater resilience in adverse listening conditions, we hypothesize that long-term tone language experience strengthens neural mechanisms of pitch in the auditory cortex, thereby affording a relatively greater resilience of the neural representation of pitch to noise degradation. Whether this experience-dependent resilience persists even when both temporal and spectral acoustic cues for pitch are severely degraded is an empirical question. The diotic homophasic masking conditions used in Experiment I produces masking of the target stimulus that gives rise to latency prolongation and amplitude reduction of the CPR components. In contrast, dichotic antiphasic masking conditions alleviate the masking effects of noise on the target (Colburn and Durlach, 1965; Durrant et al., 1984; Jeffress et al., 1952) . This unmasking or release from masking of the target signal is referred to as binaural release from masking (BRM). BRM is a robust binaural phenomenon characterized by improvement in detection threshold under dichotic antiphasic conditions: SpN0, where the signal is out of phase by 180 at the two ears, and the noise is in phase at the two ears; and S0Np, where noise is out of phase by 180 at the two ears, and the signal is in phase at the two ears.
Behavioral studies of BRM show improved hearing threshold for antiphasic condition S0Np compared to homophasic S0N0 condition (Colburn and Durlach, 1965; Durrant et al., 1984; Hirsh, 1948; Jeffress et al., 1952) . In animals, BRM is observed in single neurons at the level of the inferior colliculus (Asadollahi et al., 2010; McAlpine et al., 1996; Palmer et al., 2000) and auditory cortex (Gilbert et al., 2015) . In humans, EEG studies reveal larger magnitude for the S0Np condition relative to S0N0 for cortical transient components N1eP1eP2 (Fowler and Mikami, 1996; Kevanishvili and Lagidze, 1987) , cortical steady-state response (Wong and Stapells, 2004) and brainstem frequency following response (Wilson and Krishnan, 2005) . Similarly, MEG studies reveal the presence of BRM in the cortical N1m and P2m responses to an antiphasic condition (SpN0) relative to a homophasic (S0N0) (Chait et al., 2006; Hughes et al., 2014; Sasaki et al., 2005) . In this study, we ask whether pitch-specific neural activity at the cortical leveldas reflected in the CPRdis influenced by binaural processes mediating BRM. Another question is whether binaural processes underlying the cortical BRM are influenced by tonal language experience.
In Experiment II, CPRs were elicited by S0Np and S0N0 stimulus conditions at 0 dB SNR to determine if CPR components preserve information about binaural masking release. We hypothesize that irrespective of language group, CPR components are larger for the S0Np condition compared to the S0N0 condition, suggesting the presence of BRM. We further expect BRM magnitude to be more robust in Chinese listeners if language experience shapes binaural mechanisms mediating BRM.
Material and methods

Participants
EEG data were recorded from a total of fourteen native speakers of Mandarin Chinese (C: 9 male, 5 female) and English (E: 4 male, 10 female) recruited from the Purdue University student body. All exhibited normal hearing sensitivity at audiometric frequencies between 500 and 4000 Hz and reported no previous history of neurological or psychiatric illnesses. They were closely matched in age (C: 24.57 ± 2.3 years; E: 23.64 ± 3.7), years of formal education (C: 17.6 ± 1.78 years; E: 16.5 ± 2.06), and were strongly right handed (C: 93.0 ± 14.1%; E: 97.0 ± 8.36) as measured by the laterality index of the Edinburgh Handedness Inventory (Oldfield, 1971; Somers et al., 2015) . All Chinese participants were born and raised in mainland China. None had received formal instruction in English before the age of nine (11.9 ± 1.8 years). Self-ratings of their English language proficiency on a 7-point Likert-type scale ranging from 1 (very poor) to 7 (native-like) for speaking and listening abilities were, on average, 4.3 and 4.8, respectively (Li et al., 2006) . Their daily usage of Mandarin and English, in order, was reported to be 70% and 30%. As determined by a music history questionnaire (Wong and Perrachione, 2007) , all Chinese and English participants had less than two years of musical training (C, 0.29 ± 0.6 years; E, 1.85 ± 2.03) on any combination of instruments. No participant had any training within the past five years. Each participant was paid and gave informed consent in conformity with the 2013 World Medical Association Declaration of Helsinki and in compliance with a protocol approved by the Institutional Review Board of Purdue University.
Stimuli
Two experiments were conducted to evaluate the effects of background noise on the representation of pitch-relevant information at the level of auditory cortex. For both experiments, CPRs were elicited by a Mandarin speech syllable (/yi 2 /), exhibiting an F0 trajectory exemplary of the high rising Tone2 (Xu, 1997, Fig. 1C ; top panel, white curvature). Mean F0 was 111 Hz; onset and offset frequencies were 102 Hz and 130 Hz, respectively. Both the time waveform and spectrogram of the three stimulus conditions (Quiet, þ5 dB SNR, 0 dB SNR) are shown in Fig. 1B and C, respectively. Time-invariant formant frequencies were F1 ¼ 306 Hz, F2 ¼ 2448 Hz, and F3 ¼ 3672 Hz. It can be clearly seen that noise degrades both periodicity and formant-related information systematically.
In experiment I, CPRs were obtained in Quiet, and in the presence of background noise at þ5, and 0 dB SNR to determine if the experience-dependent pitch representation at the cortical level was more resilient to degradative effects of background noise. Signal and noise were presented in phase at the two ears (diotic: S0N0). The noise condition was limited to þ5 and 0 dB SNR since no discernible response component was observed at À5 dB SNR in a pilot experiment. In experiment II, CPRs were obtained in Quiet, and two 0 dB SNR noise conditions. In one condition, the signal and noise were in phase at both ears (diotic: S0N0); in the other, the signal was in phase at both ears, but the noise was 180 out of phase at the two ears (dichotic: S0Np). The Quiet condition serves as a reference to highlight response degradation in the presence of noise.
The experimental paradigm consisted of three segments: a 250 ms pitch segment preceded by a 900 ms precursor noise segment and followed by a 100 ms noise segment (Fig. 1A , top waveform). The noise segment is spectrally matched to the pitcheliciting stimulus giving it the percept of whispered/i/. The overall root-mean-square level of each segment was equated such that there was no discernible difference in intensity among the three segments. The noise segments were crossfaded with the pitch segment using 7.5 ms cos 2 ramps. This resulted in an overall stimulus paradigm duration of 1235 ms. Different SNR's were created by keeping the stimulus level constant (80 dB SPL) and varying the background noise. The background noise had similar spectral energy to that of the stimulus, and its onset and offset were matched to the stimulus (Fig. 1A , bottom waveform). All stimulus conditions were presented through magneticallyshielded tubal insert earphones (ER-3A; Etymotic Research, Elk Grove Village, IL, USA) at a repetition rate of 0.56/s using a fixed onset polarity (rarefaction) for the pitch-eliciting stimulus. For the homophasic conditions in both experiments, both the signal and noise were in phase at the two ears (diotic: S0N0). For the antiphasic condition (dichotic: S0Np) in experiment II, a rarefaction onset polarity was used binaurally for the pitch-eliciting stimulus with the onset phase of the noise stimulus set to rarefaction in the right ear and condensation in the left ear. Stimulus presentation order was randomized both within and across participants. All stimuli were generated and played out using an auditory evoked potential system (SmartEP, Intelligent Hearing Systems; Miami, FL, USA). . Stimulus paradigm consists of three segments (A, top waveform): 250 ms pitch segment, preceded and followed by 900 ms and 100 ms noise segments (black), respectively. Pitch segment (red) illustrates robust periodicity in the Quiet stimulus condition. Masking noise (A, bottom waveform) exhibits spectral energy similar to that of the stimulus. Waveform (B) and spectrogram (C) of the pitch segment are shown for each stimulus (Quiet, þ5 SNR, 0 dB SNR). F0 contour (white) is superimposed in the spectrogram of the Quiet stimulus. Waveforms and spectrograms reveal degradation of periodicity and formant-related information, respectively, with increasing background noise. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Cortical evoked response data acquisition
Participants reclined comfortably in an electro-acoustically shielded booth to facilitate recording of neurophysiologic responses. They were instructed to relax and refrain from extraneous body movement to minimize myogenic artifacts, and to ignore the stimuli as they watched a silent video of their choice (minus subtitles) throughout the recording session. The EEG was acquired continuously (5000 Hz sampling rate; 0.3e2500 Hz analog bandpass) through the ASA-Lab EEG system (ANT Inc., The Netherlands) using a 32-channel amplifier (REFA8-32, TMS International BV) and WaveGuard electrode cap (ANT Inc., The Netherlands) with 32-shielded sintered Ag/AgCl electrodes configured in the standard 10-20-montage. The high sampling rate of 5 kHz was necessary to recover the brainstem frequency following responses in addition to the relatively slower cortical pitch components. Brainstem response data, however, are not presented here because the primary objective of this study was to characterize the cortical pitch components. The EEG acquisition electrode montage was limited to 9 electrode locations: Fpz, AFz, Fz, F3, F4, Cz, T7, T8, M1, M2. The AFz electrode served as the common ground. The common average of all connected unipolar electrode inputs served as default reference for the REFA8-32 amplifier. An additional bipolar channel with one electrode placed lateral to the outer canthi of the left eye and another electrode placed above the left eye was used to monitor artifacts introduced by ocular activity. Inter-electrode impedances were maintained below 10 kU. For each stimulus condition, EEGs were acquired in two sessions of 750 sweeps each. The experimental protocol took about 2 h to complete.
Extraction of CPR
To extract the CPR components, EEG files were first down sampled from 5000 Hz to 1024 Hz. They were then digitally bandpass filtered (2-25 Hz, Butterworth zero phase shift filter with 24 dB/octave rejection rate) to enhance the transient CPR components and minimize the sustained component. Sweeps containing electrical activity exceeding ±75 mV were rejected automatically. Subsequently, averaging was performed on all 8 unipolar electrode locations using the common reference to allow comparison of CPR components at the right (T8) and left (T7) temporal electrode sites to evaluate hemispheric asymmetry effects. Given the poor spatial resolution of EEG even using multiple electrodes, the focus here was not to localize the source of the CPRs with just two electrodes. Instead, our aim was to characterize the relative difference in the pitch-related neural activity over the widely separated left and right temporal electrode sites. In previous crosslanguage CPR studies, we have consistently observed robust differences in CPR neural activity over the T7 and T8 electrode sites that reflect a functional, experience-dependent rightward asymmetry (Krishnan et al., 2015b (Krishnan et al., , 2014b (Krishnan et al., , 2015c . The re-referenced electrode site, Fz linked (T7/T8), was used to characterize the transient pitch response components. It was chosen because both MEG-and EEG-derived pitch responses are prominent at frontocentral sites (e.g., Bidelman and Grall, 2014; Krishnan et al., 2015b; Krumbholz et al., 2003) . It also allowed us to compare our CPR data with Fz-derived POR (pitch onset response) data (Bidelman and Grall, 2014; Gutschalk et al., 2002 Gutschalk et al., , 2004 . In addition, this electrode configuration was exploited to improve the signal-to-noise ratio of the CPR components by differentially amplifying (i) the non-inverted components recorded at Fz and (ii) the inverted components recorded at the temporal electrode sites (T7 and T8). For both averaging procedures, the analysis epoch was 1600 ms, including the 100 ms pre-stimulus baseline.
CPR latency and magnitude
The evoked response to the entire three-segment stimulus paradigm (noise-pitch-noise) is characterized by obligatory components (P1/N1) corresponding to the onset of energy in the precursor noise segment. They are followed by three transient CPR components (Na:135-170 ms, Pb: 210-240, Nb: 270-310 ms) occurring after the onset of the pitch-eliciting segment, and an offset component (Po) that occurs after the offset of the last noise segment. We evaluated only the latency and magnitude of the CPR components. Peak latencies of Na, Pb, and Nb (time interval between pitch-eliciting stimulus onset and response peak of interest) and peak-to-peak amplitude of NaePb and PbeNb were measured manually to characterize the effects of noise on the pitch-relevant neural activity reflected in the CPR components. Manual peak picking was necessary due to decreased reliability of automatic peak picking associated with small, degraded response waveform morphology at 0 dB SNR. Grand averaged response was used as a reference to assist and improve accuracy of manual peak picking for latency and amplitude measurements from individual averaged responses. The time point around the peak with maximum voltage was taken as the measure of absolute latency and peak amplitude for a given component. This process was repeated independently by two members in the laboratory, exhibiting high interjudge reliability (90%). For each condition, peak-to-peak amplitude of NaePb and PbeNb was measured at the temporal electrode sites (T7/T8) to evaluate response asymmetry. To enhance visualization of the hemispheric asymmetry effects along a spectrotemporal dimension, a joint time frequency analysis using a continuous wavelet transform was performed on the grand average waveforms derived from the temporal electrodes.
Statistical analysis
To evaluate the effects of noise degradation, separate two-way (group x stimulus) mixed model ANOVAs (SAS ® ; SAS Institute, Inc., Cary, NC, USA) were performed on response latency of each component (Na, Pb, Nb) and on the peak-to-peak amplitude of NaePb and PbeNb derived from the Fz electrode site. Group (C, E) served as the between-subjects factor; subjects nested within group as the random factor. Stimulus condition served as the within-subjects factor. In Experiment I, stimuli were Quiet, þ5 dB and 0 dB SNR; in experiment II, S0N0 and S0Np. To assess hemispheric asymmetry of noise degradation in experiment I, a threeway (group x electrode site x stimulus) ANOVA was performed on the peak-to-peak amplitude of NaePb and PbeNb derived from temporal electrode sites (T7/T8). Electrode sites (T7 [left], T8
[right]) were treated as within-subject factors. In Experiment II, hemispheric asymmetry was assessed using a two-way (group x electrode site) ANOVA on the dichotic stimulus condition only (S0Np). In Experiment II, response latency of all three components (Na, Pb, Nb) yielded no significant main or interaction effects. Regardless of group, latencies did not differ between S0N0 and S0Np. In the Results section, we therefore omitted these data in the interest of brevity. Normality and homogeneity of variance assumptions were confirmed prior to statistical inference.
All post hoc multiple comparisons were corrected with a Bonferroni significance level set at a ¼ 0.05. Partial eta squared (h 2 p ) values, where appropriate, were reported to indicate effect sizes.
Results
3.1. Experiment I: effect of noise on the cortical pitch response components 3.1.1. Fz: response morphology of CPR components Fig. 2 displays grand average cortical pitch response waveforms to the three stimuli for Chinese (red) and English (blue) groups. For both groups, CPR components (Na, Pb, Nb) are clearly identifiable and show a decrease in amplitude and an increase in latency as noise level is increased. The amplitude of pitch-relevant components appears to be more robust for the Chinese group, relative to the English, in response to Quiet and þ5 dB SNR stimuli only.
Fz: response latency of CPR components
Mean peak latency of CPR components elicited by Quiet, þ5 and 0 dB SNR stimuli are displayed in Fig. 3 (left p ¼ 0.508). Across groups, Quiet had larger amplitude than þ5 and 0 dB SNR; þ5 dB SNR had larger amplitude than 0 dB SNR. These aggregate data on peak-topeak amplitude suggest that irrespective of group, increased noise levels decrease amplitude of both CPR components.
T7/T8: hemispheric asymmetry of CPR components
Grand average waveforms of the CPR components (left) in response to each of the three stimuli per language group and their corresponding spectra (right) derived from the temporal electrode sites (T7, T8) are shown in Fig. 4 . A rightward asymmetry (T8 > T7) is observed only in the Chinese group as evidenced in both waveforms and spectrotemporal plots, particularly at Quiet and þ5 dB SNR stimulus conditions. Fig. 5 (top panels) shows mean T7/T8 peak-to-peak amplitude of NaePb for each language group, electrode site, and stimulus. ANOVA revealed interactions between group and electrode site (F 1,26 ¼ 9.6, p ¼ 0.0046, h 2 p ¼ 0.270) and stimulus and electrode site, as indexed by NaePb (F 2,52 ¼ 5.31, p ¼ 0.0080, h 2 p ¼ 0.170). The three-way interaction failed to reach significance. Pooled across stimuli, the group x electrode site interaction revealed a languagedependent rightward asymmetry (T8 > T7) in the Chinese group only (t 26 ¼ À5.16, p < 0.0001). By electrode site, it was only over the right temporal electrode site that Chinese listeners' response amplitudes were larger than those of English (t 26 ¼ 4.15, p ¼ 0.0003). Pooled across groups, the stimulus x electrode site interaction revealed the rightward asymmetry was restricted to the Quiet and þ5 dB SNR stimuli.
As reflected by PbeNb (Fig. 5, bottom Grand average CPR waveforms to the Quiet (top), þ5 dB SNR (middle) and 0 dB SNR (bottom) stimuli for the two language groups (C, red; E, blue). For both groups, CPR components (Na, Pb, Nb) are clearly identifiable, and show a decrease in amplitude and an increase in latency with increasing noise level. Amplitude of CPR components appear to be more robust for the Chinese group, relative to the English, for Quiet and þ5 dB SNR conditions only. Note that the amplitude scale for 0 dB SNR differs from Quiet and þ5 dB SNR conditions. CPR, cortical pitch response; C, Chinese; E, English.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) and þ5 dB SNR stimulus conditions over the right temporal electrode site.
3.2. Experiment II: evidence for binaural release from masking in CPR components 3.2.1. Fz: response morphology of CPR components Grand average CPR waveforms elicited by S0Np and S0N0 stimulus conditions reveal similarities between Chinese and English groups for release from masking (Fig. 6, top panel) . Regardless of group, the magnitude of release from masking for NaePb appears to be greater than PbeNb. Note that response amplitudes of masked conditions are appreciably smaller compared to Quiet (solid gray).
Fz: response amplitude of CPR components
Mean peak-to-peak amplitude of CPR components elicited by S0Np and S0N0 stimulus conditions are shown in Fig. 6 Fig. 7 shows mean peak-to-peak amplitude of CPR components in response to the S0Np stimulus condition per language group and temporal electrode site. For NaePb (top row), ANOVA revealed a two-way interaction between group and electrode site (F 1,26 ¼ 8.08, p ¼ 0.0086, h 2 p ¼ 0.237) interaction. By group, a rightward asymmetry (T8 > T7) was observed in the Chinese group only (t 26 ¼ À3.91, p ¼ 0.0006), meaning that the BRM phenomenon is malleable to language experience. For PbeNb (bottom row), group and electrode site effects failed to reach significance. Although the magnitude of BRM did not show group differences, the rightward asymmetry in Chinesedrestricted to NaePbd suggests that language experience preferentially recruits the right hemisphere to process pitch information in adverse listening conditions. (Na, top; Pb, middle; Nb, bottom) elicited by each of the three stimulus conditions (Quiet, þ5 dB SNR, 0 dB SNR) at the Fz electrode site in both groups (C, red; E, blue). In general, response peak latency of all components increases with increased noise levels regardless of group. Peak latencies of Chinese listeners are shorter than those of English for the Quiet stimulus only. Mean peak-to-peak amplitude (right column) of NaePb (top) and PbeNb (bottom) elicited by each of the three stimulus conditions (Quiet, þ5 dB SNR, 0 dB SNR) at the Fz electrode site in Chinese and English groups. Amplitude for both components decrease with increasing noise level across groups. Chinese group has larger amplitude compared to English for Quiet and þ5 dB SNR as reflected by Na-Pb only. Error bars ¼ ±1 SE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
T7/T8: hemispheric asymmetry of CPR components
Discussion
The major findings of this study demonstrate that background noise-induced changes in pitch-related neural activity in the auditory cortex are modulated by language-dependent effects as well as those that are language universal. Regardless of language experience, response latency increases, and amplitude decreases with increasing background noise level. At the frontocentral site, language-dependent enhancement of amplitude is evident under the Quiet and þ5 dB SNR stimulus conditions (NaePb: C > E), but not at the 0 dB SNR condition. At temporal sites, languagedependent enhancement of amplitude is also restricted to the same stimulus conditions over the right temporal electrode site only (T8, NaePb, PbeNb: C > E). Only the Chinese group shows a rightward asymmetry in BRM (C, NaePb: T8 > T7). This finding implies experience-dependent recruitment of pitch mechanisms in the right auditory cortex in the presence of background noise. The absence of a group difference in pitch representation at 0 dB SNR implies that an experience-dependent advantage under adverse listening conditions is restricted to a more favorable SNR (þ5 dB).
Pitch relevant neural activity is degraded in the presence of background noise
Both Chinese and English groups show systematic increase in latency and decrease in amplitudedi.e., latency prolongation and amplitude reduction for NaePb and PbeNbdin the presence of background noise. Our findings are consistent with numerous EEG (e.g., Billings et al., 2009; Kaplan-Neeman et al., 2006) and MEG (e.g., Chait et al., 2006; Hughes et al., 2014 ) studies that report latency prolongation and amplitude reduction of cortical obligatory components (P1eN1eP2) in the presence of background noise. With decreasing SNR, latency prolongation and amplitude decrease of CPR components may reflect increasing desynchronization of pitch relevant neural activity. This neural desynchronization widens the temporal window to integrate pitch information across frequency channels and/or to calculate pitch strength. Both temporal and spectral cues for pitch are likely degraded by the background noise. Besides background noise, other manipulations of pitch stimuli that degrade SNR have also resulted in smaller CPR amplitude changes; e.g., weak pitch salience (Krishnan et al., 2012b ; rapid pitch acceleration (Krishnan et al., 2015a) . These degradative effects of background noise are already evident in subcortical representation of other acoustic stimuli (Bidelman and Krishnan, 2010; Bidelman and Howell, 2016; Parbery-Clark et al., 2009a) . Thus, degradative effects observed for the CPR components may, at least in part, reflect degraded subcortical inputs driving the CPR neural generators. The relatively greater resilience of NaePb amplitude to noise degradation in the Chinese, at least for the þ5 db SNR, suggests that experience-dependent effects are overlaid on fundamentally similar neural mechanisms of pitch at early sensory stages of processing in the auditory cortex.
Specific neural mechanisms for pitch processing remain a matter of debate. At the subcortical level, there is general agreement that periodicity and pitch are often represented by regular temporal patterns of action potentials phase-locked in a sustained manner to both envelope periodicity and temporal fine structure. At the cortical level, however, periodicity and pitch within cortical neurons are commonly associated with a modulation of spike rates as a function of F0. The wider temporal integration window at the cortical level may render the auditory cortical neurons too sluggish to provide phase-locked representations of periodicity within the pitch range (Walker et al., 2011) . It is still unclear how cortical neurons transform the autocorrelationlike temporal analysis in the brainstem to a spike rate code to extract pitch-relevant information. Notwithstanding, it is clear that fundamental neural pitch mechanisms are language universal at the level of the brainstem and at early stages of processing in the auditory cortex.
4.2. Experience-dependent enhancement of pitch-relevant neural activity shows greater resilience only when background noise is presented at favorable SNRs
Chinese listeners exhibited greater amplitude for the Fz NaePb response component in Quiet and þ5 dB SNR conditions. This finding for NaePb in Quiet is consistent with previous studies showing experience-dependent enhancement of CPR components with manipulation of several different temporal attributes of pitch (Krishnan et al., 2014a (Krishnan et al., , 2015a (Krishnan et al., , 2015b (Krishnan et al., , 2017b . Despite the presence of noise (þ5 dB SNR), cortical pitch mechanisms shaped by experience are more stable and relatively less susceptible to degradative effects of noise. Such enhancement in both Quiet and noise is likely mediated by selective recruitment of neural elements with sharper tuning, greater temporal synchronization, and improved synaptic efficiency. In our view, the Chinese group's enhancement represents modulation of early sensory pitch mechanisms in the brainstem and auditory cortex that interact with extrasensory processes at a higher hierarchical level in the auditory cortex (for additional discussion, see Krishnan et al., 2016, p. 111) . These adaptive, cortical pitch mechanisms not only serve to sharpen neural response properties to optimize representation of temporal attributes of pitch in Quiet, but more importantly, are more resilient to degradation in adverse listening conditions that present a reduced SNR. The experience-dependent resilience was not observed at the poorest SNR (0 dB). Restriction of experiencedependent effects to Quiet and þ5 dB SNR suggests severe degradation of both periodicity and spectral information in the stimulus at 0 dB SNR. Such severe effects of noise on pitch representation makes extrasensory mechanisms ineffective in improving pitch representations at the cortical level.
Experience-dependent enhancement is restricted to NaePb. This finding supports our hypothesis that CPR components (NaePb, PbeNb) are sensitive to different temporal attributes of pitch. For example, the NaePb time window optimally represents neural processing relevant to pitch salience and . Mean peak-to-peak amplitude of CPR components (NaePb, PbeNb) elicited by each stimulus condition (Quiet, þ5 dB SNR, 0 dB SNR) at the T7(diagonal)/T8(solid) temporal electrode sites in both groups (C, red; E, blue). For both components (NaePb, top row; PbeNb, bottom row), amplitude steadily decreases with increasing noise level for both groups. A right-sided asymmetrydrestricted to Quiet and þ5 dB SNRd is observed in the Chinese group only. It is also at the right temporal site that we observe a language-dependent differences in amplitude for those stimulus conditions (C > E). Error bars ¼ ±1 SE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) pitch height (Krishnan et al., 2017a ) whereas pitch acceleration is optimally represented in a later time window, PbeNb (Krishnan et al., 2015a) . Thus, experience-dependent effects are bound to specific temporal integration windows in which optimal processing occurs for a particular pitch attribute. NaePb putatively indexes an integrated measure of pitch and its salience; PbeNb, the more complex time-varying temporal attributes of pitch. Relative weighting of these attributes varies depending on both language experience and sensitivity of neural activity within a given temporal integration window. In this study the level of the background noise was altered with no change in stimulus properties. The Chinese experience-dependent effect was restricted to NaePb. We infer that the NaePb temporal integration window is more resilient to noise degradation than the later PbeNb window. The absence of a language group effect at 0 dB SNR implies that even experiencedependent neural pitch mechanisms may be rendered ineffective with degraded temporal and spectral inputs at poor SNRs.
Experience-dependent resistance to degradation, however, is not domain specific. Musicians similarly exhibit greater resilience to pitch-relevant brainstem neural activity elicited by speech stimuli in the presence of background noise (Parbery-Clark et al., 2009a) or reverberation (Bidelman and Krishnan, 2010) . Longterm experience with music confers functional benefits in language processing at both cortical (Chandrasekaran et al., 2009 , iterated rippled noise homologues of Mandarin tones; Marie et al., 2011, Mandarin tones and segments; Moreno and Bidelman, 2014, review) . Mean peak-to-peak amplitude of CPR components (NaePb, top; PbeNb, bottom) elicited by the S0Np stimulus condition over the T7 (diagonal)/T8 (solid) temporal electrode sites in both groups (C, red; E, blue). For NaePb, a rightward asymmetry (T8 > T7) is observed for the Chinese group only, indicating languagedependent sensitivity to binaural release from masking. Error bars ¼ ±1 SE. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) . Enhanced perceptual benefits of musical experience have also been reported for speech perception in noise (Parbery-Clark et al., 2009b) and sensitivity to timbral changes in speech and music (Chartrand and Belin, 2006) . Though musical experience does not appear to influence the perceptual learning of Mandarin lexical tone categories (Zhao and Kuhl, 2015) . Periodicity and temporal fine structure information may be represented with greater fidelity in musicians, but not necessarily carry over to learning phonemic categories. It remains an empirical question whether this more fine-grained pitch representation in musicians affords a greater resiliencedrelative to native speakers of tone languagesdto degradative effects of noise.
Experience-dependent pitch effects preferentially recruit the right hemisphere
Our findings reveal differences in asymmetry over the temporal electrode sites depending upon language experience. As indexed by NaePb and PbeNb, it is only over the right temporal site (T8) that amplitude is larger for the Chinese group, relative to the English, under Quiet and þ5 dB SNR conditions. This experience-dependent rightward asymmetry for native Mandarin pitch contours agrees with previous reports on the CPR (Krishnan et al., 2014a (Krishnan et al., , 2015a (Krishnan et al., , 2015b (Krishnan et al., , 2017b . Moreover, our findings converge with an extant literature that highlights the role of the right hemisphere in processing both linguistic and nonlinguistic pitch (Bidelman and Chung, 2015; Friederici and Alter, 2004; Johnsrude et al., 2000; Schonwiesner et al., 2005; Zatorre and Gandour, 2008; Zatorre et al., 2002; Zhang et al., 2011) .
CPR components reflect early sensory, preattentive, pitchspecific neural activity in the primary auditory cortex. Languagedependent effects apply only to pitch contours with temporal attributes that occur in natural speech. The stimulus pitch contour herein is superimposed on a Mandarin speech syllable. We infer that such effects result from experience-driven, extrasensory modulation of adaptive pitch mechanisms at early sensory levels of pitch processing in the right auditory cortex. Their relative resiliency to degradation by background noise is restricted to more favorable SNRs. Because this experiment is task free, we acknowledge that it may well be the case that higher cortical mechanisms invoking attention may afford a greater resilience to background noise.
These data are consistent with recent reports of rightward asymmetry for other temporal attributes of pitch: rate of pitch acceleration (Krishnan et al., 2015a) ; pitch direction and location of peak acceleration (Krishnan et al., 2015b) ; location of turning point (Krishnan et al., 2017b) ; changes in pitch height (Krishnan et al., 2017a) .
CPR components exhibit language-universal binaural release from masking
For both NaePb and PbeNb, the amplitude of the antiphasic S0Np condition is greater than the homophasic S0N0 regardless of language experience. Cortical pitch-relevant neural activity does indeed preserve information relevant to BRM. Nevertheless, the amplitude of CPR components in these masking conditions are smaller compared to Quiet. Our findings are broadly consistent with empirical data showing improved auditory thresholds in the S0Np condition relative to S0N0 (behavioral: Colburn and Durlach, 1965; Hirsh, 1948; Jeffress et al., 1952); (EEG: Fowler and Mikami, 1992; Fowler & Mikami, 1995 ; and (MEG, N1-P1-N2: Chait et al., 2006; Hughes et al., 2014; Sasaki et al., 2005) ; and subcortical frequency following response (FFR: Wilson and Krishnan, 2005) .
Binaural processes mediating BRM along the auditory pathway have been described for binaural neurons in medial superior olive (Langford, 1984) ; inferior colliculus (Caird et al., 1991; Jiang et al., 1997; McAlpine et al., 1996; Palmer et al., 2000) and auditory cortex (Gilbert et al., 2015) . These processes utilize interaural correlation information between the signal and noise to modulate signal detection in noise. Crosscorrelation models of binaural hearing (Colburn, 1977; Jeffress et al., 1952) assume the existence of binaural neural networks consisting of coincidence detectors that receive inputs from a series of delay lines, each of which is sensitive to a specific interaural time/phase difference. These neural networks putatively perform a cross-correlation on the neural activity in a single tuned channel. For the S0Np condition, Np noise is an ineffective masker because it produces a minimum or trough in activation centered on zero time interaural time difference (ITD) as noise is 180 out of phase between ears. The addition of S0 signal at zero ITD raises the discharge rate of neurons with best delays near zero ITD. This represents a desynchronization effect of the noise in the S0Np condition. The net effect is an increase in the number of coincident spikes delivered to the coincidence detector. That is, the S0 signal produces a larger change to the Np noise response than to the N0 noise. In this study, as reflected by NaePb amplitude, there is greater synchronized neural activity for the S0Np condition compared to S0N0. Optimal binaural processing mechanisms mediating BRM are already present at several subcortical levels. Therefore, the binaural masking release in the CPR at the cortical level may reflect the output of these subcortical processes.
The absence of an experience-dependent enhancement of BRM in Chinese may be due to the unfavorable 0 dB SNR used in this study. Recall that experience-dependent effects using the homophasic masking conditions in Experiment I was limited to Quiet and þ5 dB SNR. BMR magnitudes have been reported to be smaller at higher intensities for MEG-recorded cortical responses (Sasaki et al., 2005) . Nonetheless, the rightward asymmetry for BRM in Chinese listeners suggests preferential recruitment of the right auditory cortex for processing pitch-relevant information relevant to binaural release from masking.
Conclusions
Relatively greater resilience of cortical pitch responses and rightward asymmetry at temporal sites is observed in native Chinese under adverse listening conditions. In the presence of background noise, at least for a more favorable SNR, long-term tonal language experience strengthens neural mechanisms of pitch in the auditory cortex to enable more robust and stable representation of behaviorally-relevant temporal pitch attributes. Pitch-relevant neural activity in the auditory cortex exhibits binaural release from masking, indicating that binaural processes influence optimal pitch representation in adverse listening conditions. Rightward asymmetry of BRM is restricted to the tone language group. Under adverse listening conditions, language experience may influence BRM processing to selectively recruit the right temporal region to optimally encode behaviorally-relevant stimuli.
